Background The outcome of the Fontan operation largely depends on the selection of patients because this procedure is a physiological correction. Among the several selection criteria for the Fontan operation, the importance of adequate size of the pulmonary artery remains controversial. In this series, in order to clarify whether the pulmonary artery size is indispensable or not as one of the selection criteria for the Fontan operation, we considered the physiological meaning of pulmonary artery size and investigated how it influenced postoperative hemodynamics of the Fontan operation.
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Methods and Results In congenital heart disease of decreasing pulmonary blood flow, 40 patients were examined for this analysis. Pulmonary artery indexes (cross-sectional area of the right and left pulmonary arteries divided by body surface area) were measured as the expression of pulmonary artery S ince Fontan and Baudet' first described a new surgical procedure for tricuspid atresia in 1971, this procedure and its modification have been applied to many other types of congenital heart disease to which biventricular repair is inapplicable. [2] [3] [4] [5] [6] [7] [8] [9] Because this operation is not anatomic but functional repair in which both pulmonary and systemic circulation must be maintained fundamentally by a single pump, selection of patients occupies a very important part in influencing the outcome of the operation. A number of original criteria for selection of patients were suggested by Choussat, Fontan, and colleagues.10 Among these various criteria, the size of the pulmonary artery has been said to be one of the most important factors to influence the results of the Fontan operation, and several quantitative indicators such as the McGoon ratio'112 or pulmonary artery index (PA1)13 have been recommended for the evaluation of size and development of the pulmonary artery. However, there have been several reports that have suggested that pulmonary artery size was not related to the outcome of the Fontan operation.14 '15 In the light of physiology, pulmonary circulation can be replaced by the electrical circuit shown in Fig 1. Inductance is negligible, as we consider the blood flow to primary determinant factors of pulmonary circulation are pulmonary vascular resistance (Rp), pulmonary vascular compliance (Cp), and the function of the ventricle as a flow generator. The size of the pulmonary artery does not have any physiological meaning as the primary predictor of pulmonary circulation. In this analogy, the size of the pulmonary artery is represented by Q and the physiological property of the pulmonary vascular bed is decided not by Q but by resistance and compliance. Pulmonary artery size (Q) itself is the product of pulmonary blood flow, compliance, and resistance, as shown by the formula Q=iRC. It is apparent then that the size of the pulmonary artery never primarily predicts the postoperative Fontan circulation.
When we consider the pulmonary circulation in a living body, we must also take into consideration the secondary effect of pulmonary artery size on the pulmonary circulation. This is because the difference in vascular radius resulting from the difference in vascular size may secondarily influence pulmonary vascular resistance and pulmonary vascular compliance.
Based on this fundamental consideration, we examined the secondary meaning of pulmonary artery size, that is, the relation of pulmonary artery size to pulmonary vascular resistance and pulmonary vascular compliance, and reevaluated the influence that pulmonary artery size has on postoperative hemodynamics of the Fontan operation.
Methods
In congenital heart disease of decreasing pulmonary blood flow, 40 consecutive patients (aged 5 Hemodynamic data were obtained by routine catheter examination. Pulmonary blood flow was determined by the Fick method. Rp was calculated by using mean pulmonary artery pressure, mean pulmonary venous atrial pressure, and pulmonary blood flow. Pulmonary artery wedge pressure and pulmonary venous wedge pressure were used to approximate mean pulmonary venous atrial pressure and mean pulmonary artery pressure, respectively, when they could not be measured. Calculation of pulmonary blood flow and resistance was made only when the source of pulmonary blood flow was a single source. On the other hand, Cp was calculated according to the formula Q=iRC. PAI, pulmonary blood flow, and Rp were substituted into Q, i, and R, respectively.
Statistical Analysis
Association between variables was determined by linear regression analysis, and a correlation coefficient was calculated between these variables. A value of P<.05 was considered statistically significant.
Results
As shown in Fig 2, there was no statistically significant correlation between PAI and Rp, although there was a trend toward low resistance in patients with larger PAI. Some cases showed the normal resistance with small PAI, and others showed the high resistance with normal to larger PAI. Even the case of a PAI of 111 mm2/m2 kept the normal resistance of 2.1 RU m'. On the other hand, significant correlation (r=.71, P=.001) could be found between PAI and Cp (Fig 3) . Cp decreased as PAI decreased.
Discussion
The selection of patients is a key point in determining the outcome of the Fontan operation. Choussat McGoon ratio, and they inferred that the probability of (RUm2) 
Validity of the Calculation of Compliance
To evaluate the validity of our method for the calculation of Cp, we compared the compliance calculated by our method (Cp) with compliance calculated by the Reuben's method (Cp').27 As shown in Fig 4, modulus increases and phase angle decreases when Cp decreases. The increase in impedance modulus and the decrease in phase angle lead to the increase in pulsatility of PAP and the subsequent rise in pCVP. When the central veins are directly connected to the pulmonary artery (total cavopulmonary connection), pulsatility of pulmonary blood flow is found to be so little that pulsatile components in Formulas 1 and 2 can be neglected. Thus, in total cavo pulmonary connection (TCPC), the influence of Cp on pCVP is negligible. On the other hand, in right atrial to pulmonary artery connection (APC) of the Fontan-type repair, Cp influences pCVP according to Formula 2 because of the pulsatility caused by atrial contraction. By substituting 0.12 mm Hg sec m2/mL (2 RU . M2) for Rp as the normal value, the relation between Cp and Z,, at heart rate of 120 beats per minute is represented by Formula 3:
(3) Zn=0.12/(1+a7r2n2Cp2)1 2 a=0.2304 As the first several harmonics at lower frequency domain mostly decide the actual pressure waveform, consideration up to the 10th harmonic is sufficient for satisfactory analysis.31 From the first to 10th harmonic in Formula 3, Zn changes according to Cp as shown in Fig 6 , and pCVP subsequently changes as shown in Fig  7 when the first harmonic and the harmonics up to the fifth were evaluated as the most decisive ones. The pCVP was set at 18 mm Hg and mCVP at 12 mm Hg as the standard case at heart rate of 120 beats per minute when Cp showed normal value of 1.5 mL/m2 mm Hg. 27 As we assumed that the amplitude of the nth harmonic was equivalent to that of the first harmonic, pCVP must vary approximately between the two curves shown in Fig 7 . Accordingly, pCVP rises up to about 22 mm Hg and 24 to 25 mm Hg from 18 mm Hg when Cp decreases from normal to half (0.75) and one third (0.5) of normal, respectively. If the Cp decreases further, pCVP will also increase further. In this way, Cp has an influence on pCVP after the Fontan operation. As PAI is related to Cp as shown in Fig 3, PAI also affects pCVP in the same way. Although it is unclear how high pCVP is tolerable, the smaller Cp becomes, the more backflow to central veins in atrial systole and the higher pCVP will be. It is certain that such a circulatory condition after the Fontan operation is not desirable. Influence on Total Impedance There is another possible effect of Cp on postoperative hemodynamics of the Fontan operation. Because after the Fontan operation a single ventricle maintains both systemic and pulmonary circulations, which are located in series without the interposition of a ventricle, both resistance and compliance of the pulmonary artery are directly related to total resistance (Rt) and total compliance (Ct) of the single vessel continuing from the aorta to the pulmonary artery. Rt and Ct also play important roles as the determinant factors of input impedance of the single vessel continuing from the aorta to the pulmonary artery. This impedance is referred to as total impedance (Zt). Zt is the afterload to the single ventricle that undertakes both systemic and pulmonary circulation.
Rt and Ct can be expressed as Formula 4: (4) Rt = Rs + Rp, 1/Ct= 1/Cs + 1/Cp where Rs is vascular resistance from the aorta to the central veins and Cs is vascular compliance from the aorta to the central veins.
Zt is expressed as Formula 5 by using Rt and Ct: On the basis of Formula 5, Fig 8 shows Fontan et a124: They reported that the risk of death or takedown increased abruptly when the size of pulmonary artery decreased beyond a certain point. It is easy to understand that the increase in Zt,, resulting from smaller pulmonary artery size should cause the unstable hemodynamics after the Fontan operation, associating with the increase in the afterload to the single ventricle.
As mentioned above, pulmonary artery size is closely related to pulmonary vascular compliance, which is one of the physiological properties of the pulmonary vascular bed, and it postoperatively influences both pCVP and total input impedance, which is the afterload to the single ventricle. The smaller the pulmonary artery size becomes, the greater the increase both in peak CVP and total input impedance and the greater the disadvantages to hemodynamics will be.
Although we cannot definitively set the cut-off line, it seems that postoperative hemodynamics of the Fontan operation become less stable when PAI is < = 100 mm2/m2 in TCPC. In APC, the margin will be somewhat higher because of the additional effect of high pCVP. On the contrary, the influence of PAI cannot be found when it is around 250 mm2/m2, which was proposed as the cut-off line by Nakata et al.13 The controversy over the significance of pulmonary artery size in the Fontan operation appears to be an argument about where the cut-off line should be set.
We confirm the necessity of adequate size of the pulmonary artery. However, we should not exclude patients as candidates only because the PAI of each is <250 mm2/m2. We must select patients for the Fontan operation on the grounds that a smaller pulmonary artery causes more disadvantageous hemodynamics after the operation (associated with high pCVP and increase in the afterload to the single ventricle) and with a consideration of other conditions, especially ventricular function and pulmonary vascular resistance.
